and Heinrichs (2003) and Zanton and Heinrichs (2007) studied the effect of manipulating the soluble fraction of RDP in dairy heifers fed high-forage diets and observed no difference in N utilization when soluble protein was increased as portion of the RDP. Recently, Zanton and Heinrichs (2009) suggested an optimal level of N intake for heifers limit fed either high-or low-concentrate diets is 1.67 g N/kg BW 0.75 .
The synchrony at which nutrients are utilized at the rumen level in the growing animal is different from that of the lactating cow. Passage rates (kp) are typically higher because of a smaller rumen capacity (Van Soest, 1994) , and kp can be even higher when high-forage (HF) diets are limit fed (Owens and Isaacson, 1977) . Thus, interaction between nutrients, especially protein and structural and nonstructural carbohydrates, needs to be optimized in growing ruminants. In a recent study in which dairy heifers were precision fed different forage qualities that increased dietary fiber levels within 2 different forage to concentrate ratio (F:C) treatments, N retention was decreased quadratically in the HF diet (Lascano and Heinrichs, 2011) . These results suggest that when HF diets are utilized and forage quality affects dietary fiber levels, protein degradability needs to be adjusted to increase nutrient utilization in dairy heifers. Therefore, our hypothesis was that the level of protein degradability can be efficiently manipulated to maximize N and nutrient utilization in dairy heifers precision fed high-forage diets with different forage qualities.
materiaLs and metHods

Animal and Feeding
All procedures involving animals were approved by the Pennsylvania State University Institutional Animal Care and Use Committee. Eight Holstein heifers were surgically prepared with 10.6-cm rumen cannulae (Bar Diamond, Parma, ID) under anesthesia. At the start of the experimental treatments, they had an overall mean age of 11 ± 1.4 mo and BW of 448 ± 12.6 kg and were acclimated to the research barn for 30 d before the initiation of the experiment. The heifers were randomly assigned to 2 forage quality levels, low quality (LQ; 48% to 50% NDF) or high quality (HQ; 38% to 40% NDF), and to 4 levels of calculated RDP (62% [LrdP] , 68% [mLrdP] , 74% [mHrdP] , or 81% [HrdP] ) within forage quality level. Heifers were assigned to a split-plot 4 × 4 Latin square design with 20-d periods (14 d adaptation and 6 d collection). The whole-plot factor was the diet quality, and the subplot was RDP level within the quality level of the diet. Similar N intake and RDP were provided (1.67 g N/ kg BW 0.75 ), which has been observed to maximize N utilization in dairy heifers (Zanton and Heinrichs, 2009) . Alterations in RDP levels were made by changing the relative amounts of ground maize grain, canola meal, processed soy protein (Amino Plus; Ag Processing Inc., Omaha, NE), and slow-release urea (Optigen; Alltech Inc., Nicholasville, KY; Table 1 ). The nutrients of whole-crop maize silage and orchard grass hay were 30% and 91% DM, 7.9% and 9.5% CP, 6.3% and 6.4% RDP, 42% and 70% NDF, and 25% and 50% ADF, respectively. As for wheat straw and ground corn, the nutrients were 89.6% and 90.4% DM, 3.5% and 10.4% CP, 2.6% and 5.1% RDP, 80.2% and 10.9% NDF, and 51.6% and 4.6% ADF, respectively.
Diets were provided as a Total mixed rations at a level calculated to provide equal intakes of ME and to allow for 800 g/d of ADG. Adaptation to treatment rations was made over the first 14 d of each period, and on d 15 sample collection began. Basal diets are presented in Table 1 . Heifers were weighed daily 2 h before feeding; amount of feed offered for the last 8 d was based on the weighted weekly averages and was not changed. Heifers were housed in individual stalls (117 × 302 cm) in a mechanically ventilated (controlled to be approximate 20°C) tie-stall barn with rubber mattress bedding and were allowed access to an exercise lot for 2 h before the 1200 h feeding on nonsampling day. The volume of water consumed daily was monitored by unidirectional flow meters (Sensus Metering System, Uniontown, PA).
Sample Collection and Analysis
Feed samples were collected during the 6-d sampling (15 to 20 d of each feeding period). The samples were sieved using the American Society of Agriculture and Biological Engineers (asaBe) forage particle separator (ASABE, 2007) because of the large mean particle size of the diets. Total feces and urine were collected from d 15 to 17, immediately after feeding. Urine was collected using devices described by Lascano et al. (2010) , and pH was monitored and acidified to pH < 2 by the addition of 12 N HCl. Feces were collected hourly after dropping onto a clean waterproof board and deposited into covered containers. Every 24 h, total collections of urine and feces were weighed immediately after feeding, mixed separately, and subsampled. All samples (feed, feces, urine) were frozen (−20°C) until analysis. Feed and fecal samples were dried in a forced-air oven at 55°C for 48 h (feed) or 72 h (fecal; Zanton and Heinrichs, 2008; Agle et al., 2010) and ground through a 1-mm screen. Samples were analyzed by Cumberland Valley Analytical Services Inc. (Hagerstown, MD) to determine the content of DM, ash and minerals (AOAC, 1990) , CP and soluble protein (AOAC, 1990), crude fat (AOAC, 1990), carbon and N 3 Mineral mix (Cargill Animal Nutrition, Minnetonka, MN) contains 11.44% Ca, 0.41% P, 9.03% salt, 2.65% Mg, 0.48% K, 0.48% S, 9.20 mg/kg Co, 542.71 mg/kg Cu, 22.20 mg/kg I, 235.12 mg/kg Fe, 1,628.87 mg/kg Mn, 10 mg/kg Se, 1,639.37 mg/kg Zn, 0.04 mg/g niacin, 0.71 mg/g choline, 155.97 IU/g vitamin A, 38.89 IU/g vitamin D, and 2.71 IU/g vitamin E.
4 Estimated from analyzed individual ingredient values.
5 Hemicellulose = NDF − ADF.
6 Calculated as 96.35 − (% ADF × 1.15).
7 Nonfiber carbohydrates = 100 − CP − crude fat − NDF − ash.
8 Calculated as digested OM × 0.04409 × 0.82. (Elemental Analyzer, model CE440, Exeter Analytical Inc., Uxbridge, UK), and NDF and ADF (Van Soest et al., 1991) Rumen degradable protein was estimated from calculation on the basis of individual ingredient values. Urine samples were thawed to determine urea, C, and N content using the same Elemental Analyzer used for feces. Subsamples of thawed urine were freeze-dried to determine allantoin (Chen, 1989) and uric acid (catalog number 1045-225, Stanbio Laboratory) contents. Urinary purine derivative (allantoin and uric acid) excretion was used to estimate duodenal microbial N (Chen and Gomes, 1992) . Estimated ME content of the diets was calculated from observed digestible OM intake × 4.409 × 0.82 (NRC, 2001) . Rumen fluid samples were taken on d 19 and 20 of each treatment period from 5 locations in the rumen (dorsal, ventral, anterior, caudal, and central) at −2, −1, 0, 1, 2, 4, 6, 8, 10, 12, 16, and 24 h relative to feeding at 1200 h. Rumen fluid was strained through 2 layers of cheesecloth, pH was recorded (pH meter, model M90, Corning Inc., Corning, NY), and the strained fluid was placed in 5-mL tubes with 1 mL 2-ethyl butyric and 1 mL metaphosphoric acid at −20°C for determination of VFA concentrations.
Statistical Analysis
Data were analyzed as a split-plot, Latin square design with fixed effects of period, forage quality, and RDP level and a random effect of heifer within forage quality. Data were statistically analyzed using the following model in the MIXED procedure of SAS (version 9.2, SAS Inst. Inc., Cary, NC):
where Y ijklm = dependent variable; μ = overall mean response; F i = fixed effect of forage quality, i = 1, 2; R j = fixed effect of RDP level, j = 1, 2, 3, 4; P k = fixed effect of period, k = 1, 2, 3, 4; T l = fixed effect of time, l = −1, …, 24; and h m(i) = random effect of heifer within forage quality treatment. For measurements repeated within a day, time and fixed effect interactions with time were included as repeated effects, and heifer was included as a random effect. All denominator degrees of freedom for F tests were calculated according to Kenward and Roger (1997) , and repeated measurements were analyzed including the first-order autoregressive covariance structure based on the low values received for goodness of fit measures and Schwarz's Bayesian criterion.
Orthogonal polynomial contrasts (linear and quadratic) were used to characterize responses to RDP levels within 2 forage qualities. The interaction of forage × RDP did not show significant linear or quadratic effects, so it is not presented in the tables. Least squares means are presented in the tables, and statistical significance was determined at P ≤ 0.05. Table 1 , and intake is presented in Table 2 . Rations were formulated and fed with the objective of providing similar amounts of energy and N with different forage combinations and increasing estimated levels of RDP. Thus, by design dietary levels of NDF and ADF were higher and nonfiber carbohydrates (nFC) were lower for the LQ treatments, as was their intake because of the higher level of oat hay and wheat straw in these rations. Concentration and intake of RDP in the diets were increased by using different sources for RDP and RUP as presented in Table 1 . No interaction effects were detected; therefore, results presented and discussed are related to the main effects of forage quality and RDP level. Body weights and nutrient intakes are shown in Table 2 . Mean heifer BW in treatment groups did not differ between forage quality and RDP levels throughout the experiment. There was no difference in DMI and N intake when these values were calculated as gram per kilogram of BW 0.75 . As-fed intake was higher in HQ due to lower DM% because of higher corn silage inclusion in this treatment group (52.45% vs. 62.34% ± 2.34%), but no differences were detected in DM and OM intake between HQ and LQ diets. Intake of NDF, ADF, and ash was higher in LQ-fed heifers, whereas NFC intake, including starch, was lower for this treatment group. The target to maintain isonitrogenous diets is reflected in similar CP intake across treatments. As the level of RDP intake increased, there was a linear increase in DMI, OMI, and starch intake. The intake of the remaining nutrients measured did not differ as RDP increased in diets.
resuLts
Nutrient composition of diets is presented in
Nutrient apparent total tract nutrient digestibility coefficients are presented in Table 3 . The HQ diet increased DM and OM digestibility and tended to have greater N digestibility than LQ (P = 0.06). The amount of N retained (g/d) was higher in the HQ group, partially explained by lower fecal N. Excretion of C and ash digestibility were higher in LQ in comparison to HQ diets. Forage quality did not affect fiber digestibility (NDF, ADF, and hemicellulose). No significant effects of RDP level were observed for apparent digestibility of DM, OM, N, or any other digestibility coefficients measured. There was a linear decrease (P = 0.06) in fecal N as RDP was increased in the diet.
Effects of forage quality and RDP levels on ruminal pH and fermentation products are shown in Table 4 . Forage quality did not affect mean ruminal pH. Minimum pH was lower in HQ diets than in LQ diets (P < 0.01). In both forage quality treatments, rumen pH decreased after feeding and reached nadir between 6 and 8 h after feeding, as illustrated in Fig. 1a (only RDP effects presented because there was no forage quality effect). No differences were observed for ruminal NH 3 N, total VFA, acetate, propionate, or isobutyrate between forage qualities. Common to both forage quality treatments, rumen NH 3 N concentration increased quickly following feeding and peaked after approximately 1 to 2 h, as illustrated in Fig. 1b . In both the LQ and HQ forage treatments total VFA increased following feeding and peaked 4 h after (Fig.  1c) . Higher concentrations of butyrate, valerate, and isovalerate were detected in HQ rations relative to LQ rations (P < 0.01), and acetate to propionate ratio was higher in LQ rations than in HQ rations (P = 0.02).
Maximum pH increased linearly as RDP level in the diet increased (P = 0.04). Mean rumen NH 3 N Table 2 . Body weight, DMI, and other nutrient intake by heifers precision fed high forage (85%) with lowquality (LQ) or high-quality (HQ) treatments at 4 levels of RDP intake (62% concentration increased linearly with the increase of RDP level in both forage quality treatments. The LRDP level had the lowest ruminal NH 3 N concentration, resulting in the slowest ruminal accumulation compared with other RDP treatments (Fig. 1b) . Ruminal NH 3 N concentration reached nadir by 10 h after feeding for all treatments and started to rise again by 12 h after feeding (Fig. 1) . Increasing the levels of RDP did not affect total VFA concentration or VFA molar proportions. The HRDP treatment had the highest total VFA concentration at 4 h after feeding and remained highest through 16 h after feeding (Fig. 1c) . Daily water intake did not differ between forage quality treatments or RDP levels (Table 5 ). Heifers excreted more fecal matter on a wet and DM basis when fed LQ diets (P < 0.01). Urine excretion did not differ significantly between diets but was consistently greater (17.11% ± 0.56%) in heifers offered the LQ diets compared with those offered the HQ forage diets. Total manure excretion was greater when heifers were fed LQ forage diets than when they were fed HQ diets (P = 0.02). No significant effects were observed as RDP levels were increased in forage quality treatments.
Microbial N flow to the duodenum is presented in Table 6 . No differences were detected for allantoin, total PD, or microbial CP between forage quality treatments. Excretion of uric acid was greater (P = 0.01) for heifers fed LQ forage compared with HQ forage. No significant effects were observed for microbial CP synthesis calculated from purine derivative as RDP levels increased in the diets.
disCussion
Actual N intakes in this study were similar to the amount recommended to optimize N utilization in precision fed heifers (Zanton and Heinrichs, 2009 ). Higher intakes of readily available carbohydrates and lower fiber levels in HQ diets relative to LQ diets partly explain the increased DM and OM digestibility observed for HQ diets. Other researchers have observed the same results for DM and OM digestibility with a positive correlation with higher NFC concentration when low-or high-forage diets are offered at restricted intakes (Colucci et al., 1989; Reynolds et al., 1991; Lascano and Heinrichs, 2011) . Increased NDF and ADF have been observed to reduce DM and OM digestibility (Halevi et al., 1973; Lascano and Heinrichs, 2011) . Diets with HQ forage tended to increase apparent N digestibility. In part, this can be explained by the higher NFC intake in the HQ group, providing more energy and readily available carbohydrate sources to increase N fixation by the rumen microbial population (Hoover and Stokes, 1991) . This result is also consistent with the lower fecal N excretion observed in the HQ group. Higher fiber content in diets with LQ forage resulted in higher fecal C excretion, which is consistent with results by Zanton and Heinrichs (2009) . The greater N intake in the LQ group is in agreement with Zanton and Heinrichs (2009) . However, when N intake was analyzed as grams of N per kilogram of BW 0.75 , no differences were observed. This outcome is consistent with RDP not affecting retained N as a percentage of intake or a percentage of digested N (data not shown). Total tract DM and OM digestibility were not affected by increased levels of RDP, which was also observed in an experiment in which dairy heifers were fed high-forage diets (65% forage) with differing levels of degradable protein (60% and 65% RDP; Gabler and Heinrichs, 2003) . However, others have reported contradicting results; Griswold et al. (2003) observed increased DM and OM digestibility as ration RDP increased, and the reverse effect was reported by Sultan et al. (2009) . Variable effects of supplemental RDP on forage digestion may be due to variable fiber digestibility of forages utilized. A lack of effect of RDP inclusion on fiber (NDF, ADF, and hemicellulose) digestibility in HQ and LQ diets in the present study is probably due to the extended retention time of feed; passage rate of whole digesta has been shown to be reduced in controlled feeding scenarios (Colucci et al., 1990; Lascano and Heinrichs, 2011) , which increases the extent of digestion of the RUP provided, resulting in similar ruminal protein degradabilities and microbial N and amino acid supply. The level of RDP did not affect excretion of urinary C and N, which is agreement with results of previous studies (Gabler and Heinrichs, 2003; Zanton and Heinrichs, 2009) .
No differences in ruminal pH were observed between forage qualities, which can be explained by the high levels of forage (85% DM) and high levels NDF provided in this experiment. This result was expected because other experiments have reported no differences in pH even when heifers have been precision fed diets with extreme differences in F:C (from 20% to 80% forage; Moody et al., 2007; Zanton and Heinrichs, 2007; Lascano and Heinrichs, 2009 , 2003) . This result is consistent with the increased NH 3 -N concentration as RDP increased in diets in the present experiment. Rumen microbes use RDP, provided in the form of NPN or true protein, to synthesize microbial protein but may also further deaminate amino acids, resulting in increased NH 3 -N concentration in the rumen (Bach et al., 2005) . Concentrations of NH 3 -N in all treatments of the present research were higher than 5 mg/dL most of the time, which is the minimum concentration recommended for microbial growth (Satter and Slyter, 1974) .The increased NH 3 N concentration in the rumen and lack of effects in N dynamics demonstrate the high N recycling in ruminants. Recently, the amount of recycled urea N incorporated into microbial N increased as RDP level increased in beef heifers fed a diet with an NFC concentration similar to the one in this experiment (Davies et al., 2013) . This result is in agreement with the review of Lapierre and Lobley (2001) , who concluded that urea production and recycling rate are positively correlated with degradable N intake.
No effects of forage quality were observed in the present experiment, indicating similar carbohydrate fermentation rates between the diets. Butyrate and branched chain VFA molar proportions, including valerate and isovalerate, were higher in the HQ group. The reason for the higher molar proportion of these acids in HQ diets was unclear. However, because lysine, arginine, and leucine are extensively metabolized within the rumen by anaerobic bacteria, yielding large quantities of valerate and isovalerate (Griswold et al., 2003; Bach et al., 2005) , there might have been higher concentrations of lysine, arginine, and leucine used in the HQ diets. The lack of effects on total VFA concentration or individual VFA molar proportions as RDP levels increased corroborates the effects observed in N dynamics and the possibility of higher urea N recycling discussed above. A previous study has shown that precision feeding high-concentrate vs. high-forage diets to dairy heifers reduces manure excretion (Moody et al., 2007) . Other studies have reported reduced fecal output on a wet and DM basis but a similar level of manure excretion because of higher urine output in heifers fed higher amounts of concentrate (Zanton and Heinrichs, 2009; Lascano and Heinrichs, 2011) . In this study the F:C was the same for both forage quality treatments, but LQ rations contained fewer digestible nutrients than HQ rations. As a result, DM fecal output on a DM basis was higher for LQ; the greater DM and OM digestibility of HQ rations compared with LQ rations can result in higher feed efficiency, as reported in other studies with dairy heifers (Hoffman et al., 2007; Zanton and Heinrichs, 2007) . Urine output was not affected by forage quality treatment in this study because water intake was similar between LQ and HQ diets. The lack of effects on excretion parameters is consistent with the results in digestibility when RDP were manipulated in the present experiment.
It has been suggested that lower-quality diets reduced microbial protein flow to the duodenum because of reduced energy availability for microbial synthesis and yield (Lanzas et al., 2007) . However, no effects on estimated microbial protein synthesis were detected. It has been reported that urinary purine derivatives closely reflect microbial N production as determined by digesta flow measurements in growing Holstein heifers (Martin-Orue et al., 2000) . Levels reported in this experiment are within the ranges observed in experiments with precision-fed dairy heifers at intakes ranging from 1.5% to 2% BW (Gabler and Heinrichs, 2003; Lascano and Heinrichs, 2011) . Daily excretion of uric acid was significantly greater for heifers on the LQ forage diets; this effect has been attributed to the lower plane of nutrition of LQ forage diets compared with high-quality diets (Ojeda et al., 2005) . Urinary excretion of allantoin and uric acid and calculated microbial N were not affected by increased intake of RDP, which is consistent with the results of Gabler and Heinrichs (2003) and with the nutrient digestibility and rumen fermentation parameters.
Implications
Dairy heifers precision fed diets using higher-quality forage had greater apparent total tract DM, N, and OM digestibility than those fed low-quality forage diets. Manipulating estimated RDP from 62% to 81% CP in LQ and HQ had no effects on apparent digestibility of any measured parameter or N retention in dairy heifers. Results from this study do not support our hypothesis that protein degradability can increase efficiency of nutrient utilization in dairy heifers. Therefore, we can conclude that under these conditions, HQ forages improve nutrient utilization and rumen degradable protein sources can be used with similar digestion coefficients and fermentation profiles. Replacing canola meal and heat-treated soybean meal with a slow-release urea source was successful and resulted in similar nutrient utilization and rumen fermentation. 
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